Quantum interference-enhanced deep sub-Doppler cooling of 39 K atoms in
  gray molasses by Nath, Dipankar et al.
ar
X
iv
:1
30
5.
54
80
v3
  [
ph
ys
ics
.at
om
-p
h]
  4
 Se
p 2
01
3
Quantum interference-enhanced deep sub-Doppler cooling of 39K atoms in gray
molasses
Dipankar Nath,∗ R Kollengode Easwaran, G. Rajalakshmi, and C.S. Unnikrishnan†
Tata Institute of Fundamental Research, Navy Nagar, Colaba, Mumbai-400005
We report enhanced sub-Doppler cooling of the bosonic atoms of 39K facilitated by formation of
dark states tuned for the Raman resonance in the Λ−configuration near the D1 transition. Temper-
ature of about 12 µK is achieved in the two stage D2-D1 molasses and spans a very large parameter
region where quantum interference persists robustly. We also present results on enhanced radiation
heating with sub-natural linewidth (0.07Γ) and signature Fano like profile of a coherently driven
3-level atomic system. The Optical Bloch Equations relevant for the three-level atom in bichromatic
light field is solved with the method of continued fractions to show that cooling occurs only for a
small velocity class of atoms, emphasizing the need for pre-cooling in D2 molasses stage.
PACS numbers: 37.10.De, 32.80.Wr, 67.85.-d
I. INTRODUCTION
Potassium and Lithium are important alkali group
atoms for a variety of experiments employing cold atoms
due to the existence of both fermionic and bosonic iso-
topes. However, laser cooling of their bosonic isotopes
to the sub-Doppler temperatures is difficult due to the
closely spaced hyperfine levels in the cooling transitions.
Further, their evaporative cooling to degeneracy is com-
plicated because of their unfavorable scattering proper-
ties. The latter issue is usually solved with either sym-
pathetic cooling with other atoms like Rubidium [1, 2] or
using Feshbach resonances tuned with a magnetic field,
in an optical trap [3]. To attain sub Doppler tempera-
tures in 39K, multi-stage molasses cooling strategies with
relatively large laser power and large detuning in the
first stage have to be implemented, and yet, the lowest
temperatures are almost 100 times larger than the recoil
limit, compared to a factor of 10 in case of Rubidium.
39K has been cooled to temperatures as low as 30-40µK
using D2 line molasses cooling [4–6].
Gray molasses aided by the formation of optically
pumped dark state, with lasers tuned above the D1 line
(blue detuning) of the alkali atoms have been shown to
result in ultra-low sub-Doppler temperatures [7, 8]. Very
recently, enhanced cooling due to quantum interference
effects and coherent dark state formation in the Raman
configuration involving two driving light modes and a 3-
level atom have been reported in laser cooling of 40K [9]
and 7Li [10]. Similar three level systems have also been
used for velocity selective coherent population trapping
(VSCPT) to cool atoms to sub-recoil temperatures [11].
In the case of Lithium, cooling below the Doppler limit is
difficult without the use of special procedure, like cooling
with the narrow 2S1/2 →
3 P3/2 transition in the UV [12].
While sub-Doppler cooling occurs naturally in 40K during
the standard D2 molasses [5], as its excited state hyper-
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fine structure is well spaced, this is not true for 39K which
FIG. 1: D1 line of 39K. δ1, δ2 are the repump
(F = 1→ F ′ = 2) and cooling (F = 2→ F ′ = 2)
detunings δ = δ1 − δ2 is the relative detuning between
the repump and cooling beams.
requires special schemes for sub-doppler cooling [4–6, 13].
We have been working on gray molasses with lasers tuned
near the D1 line on the 39K atoms that are pre-cooled in
a D2 conventional molasses (see Figure 1) and observed
that apart from optically pumped dark states aiding the
sub-Doppler cooling by a factor of 2-3, quantum interfer-
ence and coherent dark state formation helps to achieve
sub-Doppler temperatures a further factor of 3 lower over
a very wide detuning range, relative to both F ′ = 2 and
F ′ = 1 D1 lines(See Figure 1). While the exact Raman
configuration always leads to enhanced cooling, there are
regions of relative detuning of the cooling and repump-
ing lasers where strong heating of the atomic cloud is
observed. The heating follows an asymmetric Fano like
profile with sub-natural linewidth (< 0.1Γ) indicating co-
herence properties of the quantum superposition of the
absorbing dressed state. The high reproducibility of the
cooling and heating features and the vast parameter re-
gion over which the effects persist provides a new test
system for the study of interplay between sub-Doppler
2laser cooling and quantum interference effects. In the
rest of the paper, we report the main experimental re-
sults and their analysis, especially the ultra-low temper-
atures achieved in the molasses and the Fano-like pro-
files with sub-natural linewidth in radiation heating. We
explain some of the observed phenomenon based on co-
herent population trapping effects in a three-level atom
driven by two laser fields in Λ configuration. A model for
cooling mechanism in a bi-chromatic standing wave light
field is developed by solving the optical Bloch equations
by the method of continued fractions.
II. EXPERIMENT AND RESULTS
The MOT is formed using 767nm laser tuned below
the D2 transition of 39K atoms. Details of our experi-
mental set up are described in [5]. The cooling and re-
pump beams are derived from the same laser using AOMs
and then mixed and amplified in a tapered amplifier. To
capture the atoms into the MOT efficiently, the cooling
beam is kept detuned by -24 MHz from F = 2→ F ′ = 3
transition and the repump laser is detuned by -14 MHz
from F = 1 → F ′ = 2. We capture about 1 × 108
atoms in the MOT at a temperature of about 1 mK.
The atoms are then put through a compressed-MOT (C-
MOT) stage during which the magnetic field is ramped
up and the cooling laser detuning is increased to -42 MHz.
At the end of this stage the density of the trapped atoms
is enhanced but the atoms are heated to temperatures
>5 mK. Precooling of these atoms in a D2 sub-Doppler
phase reduces their temperature to 40 µK [5]. The D2
molasses cooling lasts for about 4ms and during this
phase the detuning of the cooling beam is reduced to
-10 MHz and that of the repump beam to -11 MHz. An-
other laser (Toptica DLPro coupled to a home-made Ta-
pered amplifier) tuned to 770.1 nm is used for address-
ing the D1 transition. The ‘cooling laser’ for the D1
Λ-molasses is near F = 2 → F ′ = 2 transition with de-
tuning δ2 and the ‘repump’ is near F = 1 → F
′ = 2
transition with detuning δ1. These are derived from
the same beam using AOMs and the relative detuning
δ = δ1 − δ2 as well as the absolute detuning (∆) from
the D1 F ′ = 2 line are tunable over a wide range. The
D1 laser beams are switched on immediately after the D2
sub-Doppler phase. This second D1 sub-Doppler phase
cools the atoms by another factor of 4 or so in the op-
timal case of the parameter range we explored, down to
about 12µK without loss of atoms. We achieve the low-
est temperatures over a wide range of blue detuning ∆ of
the cooling and the repump beams from F = 2→ F ′ = 2
transition.
Though we observe that cooling beyond the D2 mo-
lasses occur over a range of relative detuning δ, extend-
ing ±2Γ around δ = 0, the deepest cooling occurs when
the Raman resonance δ = 0 is satisfied. Figure 2 (with
∆ = 28 MHz) indicates how the resonant cooling occurs
in a very narrow band (≪ Γ) around the Raman con-
dition. The intensity ratio between the cooling (Ic) and
repump (Ir) beams is about 3 for optimum cooling, which
is much smaller than the ratio used in the case of 7Li [10].
For larger ratios of Ic/Ir the cooling is less efficient. Tem-
perature as low as 12µK is observed at the Raman reso-
nance. For small positive values of the difference in the
detuning δ = δ1 − δ2 we see strong heating. The heating
is almost divergent by a factor of 1000 to temperatures
beyond 10mK and has a width of less than 0.1Γ. The
asymmetric Fano profile, typical of excitation probability
in such atomic systems with interfering excitation path-
ways [14] is visible clearly in detailed measurements as
shown in the inset of Figure 2).
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FIG. 2: Temperature is measured for various values of
the repump detuning, δ1, around the Raman condition
for δ2 =28MHz. The line at 40µK represents the
starting temperature for the D1 sub-doppler.
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FIG. 3: Plot for temperature vs δ for IC/IR = 0.28
The two lasers driving the transitions in our experi-
3ments on D1 Λ− dark state cooling have an intensity
ratio, Ic/Ir = (Ω2/Ω1)
2 ≃ 3.5 when these parameters
are optimized for best sub-Doppler cooling. This has
significant implications on the exact nature of the dark
state formation. If we invert the intensity ratio, i.e, make
repump stronger than the cooling, the fano-profile shifts
sides and appears at δ < 0 (Figure 3), confirming the role
of coherent population trapping in the light scattering as
explained in section III. Though the extra sub-Doppler
cooling at the Raman resonance and the heating are not
as effective here as in the case of Ic/Ir ≫ 1, the general
trend is clear. Also, additional cooling happens only at
the Raman resonance and at all other detuning we ob-
serve some mild heating, with the strong resonant heat-
ing to several mK occurring in a narrow range of δ < 0,
of width much smaller than Γ, close to the Raman reso-
nance.
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FIG. 4: Temperature as a function of the detuning from
F ′ = 2 in the Raman configuration(∆ = δ2 = δ1)
The molasses cooling in Raman configuration is effec-
tive over a wide range of absolute detuning (∆ = δ1 = δ2)
from the atomic transition as can be seen from Figure
4. Over a range of ∆ ≈ (60, 10) MHz, the quantum
coherence-enhanced cooling is relatively independent of
the value of ∆. Strong heating takes over at F ′ = 2
resonance and persists till ∆ ≈ −42 MHz from F ′ = 2
line, below which we recover the temperatures reached
in the D2 sub-Doppler cooling for a small range of de-
tuning. When the lasers are tuned between F ′ = 1 and
F ′ = 2 preserving the Raman resonance condition, two
Λ-configurations become operational in the atom, namely
the transitions (F = 1 → F ′ = 2, F = 2 → F ′ = 2) and
(F = 1 → F ′ = 1, F = 2 → F ′ = 1). Clearly, the model
for cooling or heating based on the 3-level Λ configura-
tion will not be adequate and the opposing contributions
from the two configurations largely explains the behav-
ior in Figure 4. (See Section III for a discussion of the
model)
The loss of atoms during the D1 molasses stage has
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FIG. 5: Temperature and fraction of atoms remaining
in the cold cloud as function of cooling power of the D1
molasses. N0 = 10
8 is the atom number prior to the
molasses cooling stages
also been measured for various power in the cooling
beam keeping the repump constant as shown in Figure 5.
About 90 % of the MOT atoms remain after the D2-D1
molasses cooling stage.
III. MODEL FOR COOLING
FIG. 6: A model three level Λ−system. Ω1 & Ω2 are
the Rabi frequencies of the transitions |1〉 → |3〉 &
|2〉 → |3〉 respectively. δ1 & δ2 are the respective
detuning and δ = δ1 − δ2 is the relative detuning.
The enhanced cooling and other main features in our
results can be understood based on the absorption prop-
erties of a 3 level atomic system in the presence of Λ
4type coherent drive fields. Referring to Figure 6, the
levels which correspond to the three level system in Λ
configuration are formed by the hyperfine ground state
F = 1 (|1〉) & F = 2 (|2〉) and the upper hyperfine D1
level F ′ = 2 (|3〉). The transitions |1〉 → |3〉 and |2〉 → |3〉
are excited by laser light with frequencies ω1 & ω2 respec-
tively in standing wave configuration. The two waves
with slightly different frequencies have a phase difference
of φ between them.
Assuming that the two frequencies are almost similar
i.e. ω1 ∼ ω2 = ω, we can write the interaction part of
the Hamiltonian of the combined atom-light system as
shown in Equation 1.
H =h¯Ω1cos (kz) (|1〉〈3|) + h.c.
+ h¯Ω2cos (kz + φ) (|2〉〈3|) + h.c.
+ h¯δ1|1〉〈1|+ h¯δ2|2〉〈2| (1)
To get a qualitative model of the cooling process we
consider a simplified picture where the one of the in-
tensities is much larger than the other. We assume the
repump intensity is relatively weak i.e. Ω1 ≪ Ω2. The
new dressed “bright” states are given by [15]:
|2′〉 = cosθ |2〉 − sinθ |3〉
|3′〉 = sinθ |2〉+ cosθ |3〉 (2)
where tan 2θ = Ω2/δ2. The line-width of both these
“mixed” states are predominantly decided by the coeffi-
cient of |3〉 since the state |2〉 has an infinite lifetime and
hence has a zero natural line-width. Thus the line-widths
of the two new states are Γ|2′〉 ∼ sin
2θ Γ ≈ (Ω2/δ2)
2
Γ
and Γ|3′〉 ∼ cos
2θ Γ ≈ Γ (assuming Ω2 < δ2). The
state |2′〉 has a line-width narrower than Γ by a factor
(Ω2/δ2)
2
, which give rise to the sub-natural line-width
structures seen in the temperature vs relative detuning
plot (Figure 2). The other bright state |3′〉 has a line
width similar to the line-width of the excited state |3〉.
Under the Raman condition δ1 = δ2 coherent popula-
tion trapping occurs in a Λ-system [11]. It is well known
that the Raman condition leads to the formation of a
“dark” state which do not couple to any other state. This
non-coupling state is given by [16, 17]
|NC〉 = (Ω2|1〉 − Ω1|2〉) /
(
Ω21 +Ω
2
2
)
(3)
The interaction of the two laser beams with the three
level atoms thus results in three new perturbed energy
levels and eigenstates. The fluorescence of the system
would now exhibit three resonances, if we scan the fre-
quency of one of lasers, say the repump. For an atom
moving in a standing wave light field, the light shift would
be spatially modulated and would lead to a Sisyphus like
cooling mechanism [9, 10]. The resonance in the light
scattering would produce similar resonance in the cool-
ing process which can be used to explain the features of
Figure 2 and Figure 3.
A more quantitative explanation for the observed cool-
ing phenomena is provided by calculating the force on
the atoms which can be obtained by solving the Optical
Bloch Equations (OBEs) for the three level system. The
optical field as seen by the atom can be written in the
form given by Equation 4 [18].
~E = eˆ[E1cos (ω1t) cos (k1z) + E2cos (ω2t) cos (k2z + φ)]
(4)
where eˆ is the polarization unit vector, Ei, ωi and ki
(i = 1, 2) are the electric field intensity, angular frequency
resonant to the transitions |i〉 → |3〉 and corresponding
wave vectors respectively. Here φ is the phase difference
between the waves ω1 and ω2.
The force on the atoms (in one dimension) in the pres-
ence of a bi-chromatic beam in the case of a three level
Λ− system is given by:
F =− h¯k[Ω1 (ρ13 + ρ31) sin (kz)
+ Ω2 (ρ23 + ρ32) sin (kz + φ)] (5)
where we have assumed the wave-vectors to be equal i.e.
k1 = k2 = k. ρij (i, j = 1, 2, 3; i 6= j) are the coherence
terms of the density matrix ρ.
To solve the OBEs we use the method of continued
fractions developed in [18, 19]. The elements of the den-
sity matrix, ρij , can be expressed in terms of its Fourier
components (Equation 6).
ρlj =
n=+∞∑
n=−∞
ρ
(n)
lj e
inkz (6)
The average force on the atoms is determined by the
first non-oscillating terms of the Fourier components and
hence the average force on the atom computed over one
wavelength can be written as (Equation 7) [20],
F =
ih¯k
2
[Ω1
(
ρ
(−1)
31 + ρ
(−1)
13 − ρ
(1)
31 − ρ
(1)
13
)
+Ω2
((
ρ
(−1)
32 + ρ
(−1)
23
)
exp (iφ)−
(
ρ
(1)
32 + ρ
(1)
23
)
exp (−iφ)
)
].
(7)
Using the method of continued fractions we can now
calculate the force on the atoms to arbitrary accuracy
using parameters relevant to our experiment. Figure 7
shows the force on an atom as a function of velocity. We
calculate the force, taking into account that the relative
phase (φ) between the two light beams might undergo
random changes on the time scales of ms. The force is
thus, calculated by averaging over the phase (φ) between
the two wavevectors k1 and k2 over the range (0, 2π) [10].
〈Fv〉 =
1
2π
∫ 2pi
0
Fvdφ (8)
The force, as we can see, produces effective cooling in
a very narrow range of velocities in the Raman condi-
tion i.e. when δ1 = δ2 = δ. Pre-cooling thus helps us in
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FIG. 7: Force on atoms averaged over phase, φ as
function of velocity of the atoms for the parameters:
Ω1 = 0.7Γ, Ω2 = 1.2Γ and δ1 = δ2 = 5Γ
preventing any further loss of atoms during the D1 mo-
lasses cooling phase. Since the atoms in our experiment
are already cooled down to about 40 µK (corresponds to
kv/Γ ∼0.02) prior to the D1 molasses stage, the loss of
atoms is minimized. In fact we see that more than 90 %
of atoms are captured and cooled. Atoms with velocities
significantly higher than the capture velocity of the force
would undergo heating and would be lost.
From Figure 7, we can see that the force is linear for
small velocities (v). The force (F ) around v = 0 can be
written as
F = −αv (9)
where α is the coefficient of viscosity. When α > 0, the
force is opposite to the direction of velocity and we ex-
pect the atoms to cool and if α < 0 the force is in the
same direction as that of velcity and we expect heating
to occur. In Figure 8 we plot the coefficient of viscosity
as a function of the relative detuning (δ = δ1 − δ2) of the
repump beam. The coefficient of viscosity (α) is obtained
from the linear fit of force around v = 0. Figure 8 shows
0
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FIG. 8: Coefficient of viscosity as a function of relative
detuning (δ). The parameters for the plot are
Ω1 = 0.7γ, Ω2 = 1.2Γ, δ2 = 5Γ and φ = 0
the variation of coefficient of viscosity with relative de-
tuning for the case Ω22/Ω
2
1 > 1, i.e, (IC/IR > 1). The
cooling is maximum in the Raman condition (where α
is large as well as > 0) and as the relative detuning is
increased it is seen that α < 0 and we expect to observe
heating around this region. Thus as seen in Figure 2,
when we start moving from δ = 0(where the minimum
temperature is attained) towards δ > 0, a large increase
in temperature can be seen. For an inverted cooling to
repump intensity i.e. Ω22/Ω
2
1 < 1 or (IC/IR < 1), as in
the previous case the cooling is maximum in the Raman
condition (when α > 0 and also maximum). However we
expect heating to occur for negative values of the rela-
tive detuning (δ) due to reversal of the symmetery. This
explains the observed phenomena in Figure 3, where the
heating takes place in negative side of the Raman condi-
tion i.e. in the region δ < 0.
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FIG. 9: Force on atoms averaged over phase, φ as
function of velocity of the atoms for the parameters:
Ω1 = 0.7Γ, Ω2 = 1.2Γ and δ1 = δ2 = −4Γ
In the model that we have chosen, the coefficient of
viscosity becomes negative when the detuning is nega-
tive i.e. the force is in the same direction as velocity and
this should lead to heating of the cloud of atoms (See
Figure 9). This is confirmed by data for ∆ < 0 relative
to F ′ = 2 as long as the magnitude of the detuning from
F ′ = 1 is much larger than the detuning from F ′ = 2.
As we go below the resonance of the Λ− system under
consideration, the other Λ configuration that is present
in our system, but hasn’t been considered in our model,
will start contributing to the total scattering. The second
Λ−system is formed by the transitions F = 1 → F ′ = 1
& F = 2 → F ′ = 1. In order to understand the effect
of the second Λ− system, we treat both the Λ−systems
as independent entities taking into account the relative
transition strength of individual transitions in their re-
spective Rabi frequencies. With this assumption, we can
calculate the force on the atom due to the presence of
each Λ− system and then add the forces obtained indi-
vidually.
Though simple addition of two forces is an approxi-
mation, the features seen can give us insights about the
nature of the forces on the atom, when both the Λ−
systems actively participate in the cooling process. In
a single absorption/emission cycle only one of the two
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FIG. 10: Force for several cases of absolute negative
detuning (∆). Here ∆ = δ1 = δ2. Plot (a) corresponds
to F ′ = 2 resonance and Plot (f) to F ′ = 1 resonance.
Λ−systems present will participate and the force is cal-
culated by averaging over one wavelength and the phase
(φ). Plot (a) of Figure 10 corresponds to ∆ = 0 where
the contribution to the force is entirely due to the pres-
ence of the second Λ− system. When the laser frequency
is red detuned by a small amount with respect F ′ = 2
strong heating occurs as expected (see Figure 10(b)). As
the laser frequency is further detuned heating dominates
until ∆ > −5Γ. At about ∆ = −6Γ (see Figure 10(c)),
the slope of the total force starts to become negative
for a narrow velocity range leading to reduced heating.
Blue Sisyphus cooling relative to F ′ = 1 eventually over-
whelms the heating from red detuning relative to F ′ = 2
and we recover low temperature in the molasses for a
small range of detuning. Closer to the F ′ = 1 transi-
tion, the cooling reduces again for ∆ < −9Γ before it
completely converts to heating at the F ′ = 1 resonance.
Hence most features observed in figure 4 is explained by
our model involving two Λ-systems.
IV. CONCLUSION
We have explored and established quantum coherent
dark state enhanced cooling over a wide range of parame-
ters. A plausible theoretical framework to analyze results
on sub-Doppler cooling is presented which explains most
of the observed features. As the atoms move in the stand-
ing wave light field of the lasers detuned to the blue of the
transition, the modulated light shift couples the atoms
out of the dark state formed in the Λ system. This leads
to Sisyphus cooling for a narrow velocity class of atoms
making it essential to pre-cool the atoms to temperatures
below 100 µK to avoid atom loss. We achieve this by im-
plementing a standard D2-molasses scheme prior to the
molasses in the Raman configuration using the D1 lev-
els. The two stage sub-Doppler cooling in molasses of
39 K results in a significant decrease in temperature to
about 12 µK. Thus the atomic cloud is well-suited for
transfer to magnetic or optical traps for further cooling
to quantum degeneracy.
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